mer fallow region of the inland Pacific Northwest often bury excessive quantities of residue and reduce soil and more environment-friendly fallow management methods are needed. The objective of the study was to determine the long-term effects of conventional, mini-C onventional tillage practices in the semiarid mum, and delayed minimum tillage systems during fal-(150-300 mm annual precipitation) wheat-sumlow on soil water storage, residue retention, surface and subsurface soil cloddiness, surface roughness, wheat
control with no adverse agronomic affects compared with convenDevelopment and adoption of agronomically feasible tional tillage.
and more environment-friendly fallow management methods are needed. The objective of the study was to determine the long-term effects of conventional, mini-C onventional tillage practices in the semiarid mum, and delayed minimum tillage systems during fal-(150-300 mm annual precipitation) wheat-sumlow on soil water storage, residue retention, surface and subsurface soil cloddiness, surface roughness, wheat bar spring-tooth harrow. After high residue production years,
MATERIALS AND METHODS
primary spring tillage involved a single pass with a tandem A 6-yr tillage management study was conducted from Audisk with 56-cm-diam. blades to a depth of 13 cm (Table 1) . gust 1993 to July 1999 at the Washington State University Plots were fertilized with 45 kg ha Ϫ1 anhydrous NH 3 -N in Dryland Research Station at Lind, WA. Annual precipitation April with a shank applicator and rodweeded three times at averages 244 mm. The Shano silt loam soil is more than 2 m 10-cm depth during late spring and summer to control Russian deep with less than 2% slope. The experimental design was thistle and other broadleaf weeds. Soft white winter wheat a randomized complete block with three tillage treatments (cv. Eltan) was sown in 0.4-m-wide rows in early September replicated four times. Individual plots were 18 by 46 m, which all years with a John Deere HZ deep furrow drill (Deere allowed use of commercial-size farm equipment. Wheat and and Co., Moline, IL). Deep-furrow drills are the standard for fallow phases of the study were present each year.
sowing winter wheat into carryover soil water in summer fallow in the inland Pacific Northwest.
Tillage Treatments and Field Operations
Minimum tillage treatments were sprayed with a nonselective herbicide for postharvest control of Russian thistle instead The three tillage management treatments were (i) convenof tillage in August of 1993 August of , 1994 August of , and 1995 August of , but not in 1996 , tional tillage (CT)-standard frequency and timing of tillage 1997, and 1998 when Russian thistle were not present (Table operations using implements commonly utilized by growers, 1). In November, the plots were chiseled to depths of 25 to (ii) minimum tillage (MT)-standard frequency and timing of 40 cm with straight-point shanks spaced 120 cm apart (twice tillage operations, but herbicides were substituted for tillage the shank spacing of conventional tillage). Chiseling was not when feasible and a noninversion undercutter V-sweep impleconducted in 1996. A rotary shark's tooth subsoiler that caused ment was used for primary spring tillage, and (iii) delayed little residue disturbance and created one 40-cm-deep pit with minimum tillage (DMT)-similar to minimum tillage except 4-L capacity every 0.7 m 2 was used in 1997 and 1998 in lieu primary spring tillage with the undercutter V-sweep was deof chiseling. Glyphosate was applied in late winter followed layed until at least mid May. A complete list of field operations by primary tillage at 13-cm depth with the undercutter and timing for each treatment throughout the study are shown equipped with overlapping 80-cm-wide V-blades spaced 70 cm in Table 1. apart. A rolling harrow was attached behind the undercutter to With conventional tillage, postharvest tillage was conducted break up large clods and fill air voids. The plots were in August of 1993 August of , 1994 August of , and 1995 rodweeded three times at 10-cm depth during late spring and wide V-sweeps on 30-cm spacing at 13-cm depth to kill Russian summer and fertilized with aqua NH 3 -N injected between thistle (Salsola iberica Sennen and Pau) by severing the tap every other row of the John Deere HZ deep furrow drill when root. Russian thistle was not present in August 1996 August , 1997 sowing winter wheat in early September. Though sowing depth and 1998; thus postharvest sweep operations were not revaried each year depending on soil water content, it was always quired. Plots were chiseled in November, after the surface soil the same for each treatment. was wetted by fall rains, to a depth of 25 cm with straightThe delayed minimum tillage treatment was identical to point shanks spaced 60 cm apart to create channels for controlthe minimum tillage treatment except that (i) plots were not ling frozen soil runoff during the winter. In late February, chiseled or rotary subsoiled in 1996, 1997, and 1998; (ii) pri-0.32 kg a.e. ha Ϫ1 glyphosate herbicide [N-(phosphonomethyl) mary spring tillage was delayed until mid May or early June; glycine] was applied to control grass weeds. Primary spring and (iii) only two rodweedings were conducted during late tillage was conducted in mid to late March with two passes spring and summer (Table 1) . of a duck-foot cultivator at 13-cm depth with staggered 22-cm-wide blades spaced 18 cm apart with an attached fourTo alleviate rough areas and other problems associated with conducting all tillage operations in the same track, the sowing. Three row segments were selected and marked within each plot prior to emergence of wheat seedlings. Grain yield rodweeder implement was pulled perpendicular or at an angle to plot direction over the entire experimental area whenever was determined in mid to late July by harvesting a 6.1-m swath through each 46-m-long plot with a commercial-size combine weeding was required in all three treatments. All treatments were sown at the same time. Winter wheat stand establishment and auguring grain into a weigh wagon.
Precipitation was recorded at a standard U.S. Weather Bufailed in September 1994 due to insufficient seed zone water and all plots were resown to hard red spring wheat (cv. Butte reau shelter located Ͻ1 km from the experiment site (Table 2) . A frost depth tube (McCool and Molnau, 1984) was installed in 86) at 67 kg ha Ϫ1 in 0.15-m rows with a double-disc drill in March 1995. In-crop broadleaf weeds were sprayed with 0.5 undisturbed winter wheat stubble near the weather shelter and freeze-thaw status of the soil was recorded daily throughkg a.i. ha Ϫ1 bromoxynil (3,5-dibromo-4-hydroxybenzonitrile) applied in March (winter wheat) or April (spring wheat) durout the winter. Analysis of variance was conducted for total soil water ing tillering stage of wheat growth. content in the 1.8-m profile, seed-zone water content, quantity of surface residue, surface cloddiness, subsurface cloddiness,
Measurements
surface roughness, wheat stand establishment, and grain yield. Water measurements in the 180-cm soil profile were made
The procedure used to compare treatment means was Fisher's immediately after grain harvest in late July to early August protected least significant difference. All statistical tests were (beginning of fallow), in March prior to primary tillage, and done at the 0.05 level of significance. again in late August to early September just before sowing winter wheat. Soil volumetric water content in the 30-to 180-cm depth was measured in 15-cm increments by neutron
RESULTS AND DISCUSSION
attenuation. Volumetric water in the 0-to 30-cm depth was
Surface Residue
determined from two 15-cm core samples using gravimetric procedures (Gardner, 1986) . In addition, volumetric water
Residue at the beginning of fallow (just after harvest) content in the seed zone was determined in 2-cm increments ranged from 2200 to 5700 kg ha Ϫ1 during the 6-yr period, to a depth of 22 cm just before sowing winter wheat in early and was lowest after a spring wheat crop (1993) (1994) September of 1994, 1995, and 1996 using an incremental soil and 1995-1996 fallow cycles, Table 3 ). Russian thistle sampler (Pikul et al., 1979) . All soil water measurements were produced more dry matter by the time of grain harvest obtained from three locations in each plot.
than dry matter for the spring wheat crop. The important Surface soil cloddiness was determined at the end of the contribution of dead Russian thistle plants as residue fallow cycle in 1994, 1995, 1996, and 1998 by measuring the diameter of individual soil clods within a 1-m-diam. sampling during fallow after low crop production years in this hoop randomly positioned at three locations in each plot. study has been reported (Schillinger et al., 1999) . By Wheel tracks were avoided. All clods with diameters Ն5 cm using herbicides instead of tillage for postharvest Ruswere sorted into 1-cm size increments, and the mass of each sian thistle control, and noninversion undercutter Vsize group measured in the field with a battery-powered digital sweeps for primary spring tillage, significantly greater scale. Clod mass was not measured in 1997 because clod strucquantities of surface residue were maintained with MT ture was dispersed during an intense rain shower. Subsurface and DMT when compared with CT on all sampling dates soil cloddiness was measured by gently dry sieving 0.01 m 3 of (after the onset of tillage) during all years (Table 3) . not a problem, even with CT, when the previous winter area where surface clods had just been removed, therefore wheat crop produced 4000 kg ha Ϫ1 or more straw.
surface clods Ն5 cm in diameter were excluded from subsurface samples. Oriented roughness in all plots was measured Surface Clods, Subsurface Clods, and Roughness soon after sowing in September using the chain method (Saleh, 1993 not shown), which generally promotes a more stable clod structure. The skew treader tillage operations in the Lind Dryland Research Station (Horning et al., 1998) , March and May of 1998, to cut and incorporate large and on the tillage management experiment (K.E. Saxquantities of surface residue into shorter lengths, reton, 1995, unpublished data), were significantly reduced sulted in a major reduction in surface clods compared with increasing levels of residue, clods, and roughness. with other years when the skew treader was not used
In the subsurface (0-10 cm) tillage mulch layer, (Fig. 1) . Quantities of blowing dust collected from portamasses of 1.2-to 2.5-and 2.5-to 5.0-cm-diam. clods in ble wind tunnel (Pietersma et al., 1996) tests on soils at 1995 and 1996 were greater in MT and DMT treatments compared with CT, but there were no differences for subsurface clods 5 cm and larger (Fig. 2) . Growers feel that finely divided soil aggregates within the subsurface tillage mulch layer are desirable for retarding evaporative water loss from summer fallow; thus there is a perception that CT is required for optimum soil water conservation. Similar to surface clods, the skew treader implement used in 1998 reduced subsurface clod mass compared with previous years and there were no differences in subsurface clods among treatments (Fig. 2 ). There were no differences in oriented soil roughness between MT and DMT measured just after sowing winter wheat. Both MT and DMT had rougher surfaces than CT, except in 1998, when there were no differences among treatments (data not shown), presumably due to use of the skew treader on all plots. Less than 15 cm of water remained in the 180 cm soil profile at the beginning of fallow, except in 1993 ( Fig. because the soil was frozen below the 25-cm chiseling depth. 3a) when 53 mm of rain fell in July after wheat had reached physiological maturity and was no longer exDuring the 1996-1997 fallow cycle, when no fall chiseling was conducted in the MT and DMT treatments, tracting soil water.
Soil Water Content
Precipitation storage efficiency (SE) is defined as the several winter precipitation events occurred on frozen soil, or on thawed soil overlying a frozen layer, expercentage of precipitation occurring during the fallow cycle that is stored in the soil. Over-winter SE (from tending as deep as 22 cm (data not shown). The CT treatment stored significantly more water in the soil late July to March) was extremely low (3-14%) in 1993-1994 (Fig. 3a) because (i) water from the 53 mm July than MT or DMT (Fig. 3d) . This was presumably due to frozen soil restricting water infiltration in nonchiseled rainfall event probably evaporated after beginning-offallow soil water measurements were obtained, and (ii) soils, while channels in the chiseled soils extended below the depth of frost. The 1995 The -1996 , and 1998-only 103 mm of over-winter precipitation occurred, the least for any year of the study and well below the long-1999 winters were relatively open and mild, and there were no over-winter SE differences among treatments term average (Table 2) . Over-winter SE was significantly improved with MT and DMT compared with (Fig. 3c, 3e , and 3f). Averaged across 6 yr, over-winter SE was 51, 54, and 57% for CT, MT, and DMT, respec-CT in 1994-1995 (Fig. 3b) when several January and February precipitation events occurred when surface tively. These over-winter SE values are considerably higher (61, 62, and 65% for CT, MT, and DMT, respecsoil was frozen to depths as great as 31 cm (data not shown). The 40-cm-deep channels created by widetively) if 1993-1994 is excluded from the data set. Water remaining in the soil profile at the end of fallow spaced chiseling in MT and DMT probably allowed precipitation to infiltrate into unfrozen soil, whereas cycle was always in the same relative ranking among treatments as measured over winter, that is, highest for infiltration was probably impeded in the CT treatment stands were greater than in MT and DMT (data not shown). Differences in 1996 are probably due to the larger quantities of surface clods in MT and DMT compared with CT ( Fig. 1) , as many seedlings were unable to elongate around clods that rolled into the furrow during sowing. These stand differences in 1996 did not affect grain yield. In 1997, MT and DMT treatments were first blind sown with only the drill's packer wheels in order to pass through 2270 kg ha Ϫ1 or more surface residue (Table 3) without plugging during actual sowing.
There were no differences in grain yield among treatments during any year or when averaged over 5 yr (Fig.  5 ). Due to generally favorable precipitation and growing conditions, grain yield averaged across treatments and Lind of 2350 kg ha
Ϫ1
. Janosky (1999) , who conducted an economic analysis of this study for the 6-yr period, MT and DMT in 1995 (Fig. 3b ) and for CT in 1997 (Fig. reported that MT and DMT slightly outperformed the 3d), but not different in the other years (Fig. 3a, 3c , and CT system in terms of net returns over total costs. 3e). The 5-yr mean end-of-fallow SE was 24, 26, and 26% for CT, MT, and DMT, respectively.
SUMMARY AND CONCLUSIONS
There were no differences in seed zone water content among treatments in 1994, 1995, and 1996 (Fig. 4) . Sow-1. Surface residue retention during fallow was consising of winter wheat was attempted in 1994, but the deeptently and significantly increased using MT and furrow drill could penetrate no deeper than 20 cm, which DMT compared with CT. When wheat straw prowas not adequate to reach the minimum soil water conduction was low, the minimum quantity of surface tent (11 cm 3 cm
Ϫ3
, Fig. 4a ) required for emergence from residue (390 kg ha Ϫ1 ) required for highly erodible deep sowing conditions on silt loam soils (Lindstrom et soils for government farm program compliance al., 1976). Seed zone water content was adequate in could not be achieved or was marginally met using 1995 (Fig. 4b) and 1996 (Fig. 4c) as well as in subsequent CT, whereas ample surface residue was always years (comparative measurements not taken) in all present in all years with MT and DMT. treatments. Many growers feel that it is necessary to 2. On average, twice the surface soil clod mass and create a fine dust mulch on the soil surface to retard a rougher surface was achieved with MT and DMT evaporative soil water loss from fallow during the sumcompared with CT. mer. These data, however, show that the greater mass 3. Chiseling in late fall with straight-point shanks of surface clods (Fig. 1 ) and subsurface clods (Fig. 2) benefitted over-winter precipitation SE in two out in the MT and DMT treatments did not adversely affect of six years when water runoff or snowmelt ocseed zone water content compared with CT. curred on frozen soils, but had no effect during open winters when runoff was not a factor. Creat-
Stand Establishment and Grain Yield
ing deep tillage channels at wide spacing in late fall with MT and DMT was equal to or greater for Winter wheat seedling stand establishment was not affected by tillage treatment, except in 1996, when CT over-winter SE than with CT, where chisel shanks were more closely spaced and operated at a shalquality. Minimum tillage and delayed minimum tillage practices, as outlined in this paper, can be implemented lower depth. nels from the subsoil to the surface, appears to be the dominant factor regulating over-summer
